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Abstract16

The binding stoichiometry, strength and structure of inclusion complexes formed between the 17

neurotoxin tetramethylenedisulfotetramine (TETS) and both native and modified cyclodextrins (CyDs) 18

were investigated using nuclear magnetic resonance (NMR) spectroscopy.  Of all six examined cases,19

native -cyclodextrin (-CyD) and its chemically modified counterpart heptakis-(2,3,6-tris-(2-20

hydroxypropyl))--cyclodextrin (2HP--CyD) were found to associate most strongly with TETS as 21

reflected in the magnitude of their binding constants (K = 537 26 M-1 for -CyD and K = 514 49 M-122

for 2HP--CyD).  Two-dimensional rotating-frame Overhauser effect spectroscopy (2D-ROESY) NMR 23

experiments confirm close proximity of the TETS molecule to both -CyD and 2HP--CyD as 24

intermolecular, through-space interactions between the H3 and H5 protons located in the interior of the 25

CyD cavity and the methylene protons of TETS were identified.26

27

Keywords : Cyclodextrins, TETS, inclusion complex, NMR, Job plot, ROESY.28
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1.  Introduction29

30

Tetramethylenedisulfotetramine (Fig. 1), commonly known as TETS [1] is a caged, non-polar, lethal31

neurotoxin that has found successful utility as a rodenticide in China [2]. It is well established that 32

TETS directly affects the nervous system by effectively blocking the -aminobutyric acid (GABA)-33

mediated chloride channel via noncompetitive and irreversible receptor binding [3-5].  The efficiency 34

and potency of the blocking event is such that incredibly small amounts of TETS (oral LD50: 0.1 mg kg-35

1) in mammals can lead to convulsions and eventually death if not treated immediately, with an 36

established lethal range of 7-10 mg kg-1 dosage for humans [6,7].  It has been estimated that there have 37

been thousands of TETS poisonings through food in China, resulting in hundreds of human deaths from 38

1977-2002 [8,9], whereas there has been only one reported case of TETS poisoning within the United 39

States involving the accidental ingestion of the poison by an infant when it was illegally used as an 40

indoor rodenticide. TETS is not registered by the U. S. Environmental Protection Agency and its 41

importation, manufacture and use in the U. S. are strictly forbidden [10].  Aside from its high toxicity, 42

TETS’s relatively simple manufacturing process and its remarkable stability in water render the 43

neurotoxin a potentially persistent environmental contaminant [11,12].44

45

Thus far, the focus of development of analytical methods has mainly resided in the use of LCMS- and 46

GC-MS-based approaches to quantitate TETS in different matrices using various extraction protocols47

[13-16].  To this end, we have sought to investigate in detail the interactions between TETS and a panel 48

of cyclodextrins (CyDs) using NMR spectroscopy.  We anticipate that these initial spectroscopic studies 49

would not only yield an understanding of the resulting host-guest interactions but more importantly, 50
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they will provide insight into the feasibility of using cyclodextrins as scaffolds for TETS detection and 51

sequestration.52

Cyclodextrins are cyclic oligosaccharide structures composed of glucose units joined together via 1,4-53

glycosidic linkages (Figure 2a).  The type of linkage that holds these units together gives rise to a well-54

defined, rigid, three-dimensional structure resembling that of a truncated cone (i.e. frustum) endowed 55

with a hydrophobic interior and a hydrophilic exterior (Figure 2b) [17-20].  The number of glucose units 56

directly influences CyD physical properties such as water solubility and cavity size. Due to their 57

thermodynamic stability and ease of preparation at the industrial level, the three most commonly 58

employed CyDs by most laboratories these days, the number of glucose residues composing these are 6, 59

7, and 8 corresponding to -, -, and -CyD respectively.  Historically, cyclodextrins have been 60

attractive molecular scaffolds as their propensity to form inclusion complexes is strictly governed by the 61

size and hydrophobic landscape of the guest molecule.  This type of host-guest association event has 62

found a plethora of applications particularly in the pharmaceutical field where the bioavailability, 63

solubility and stability of commonly used drugs have been enhanced as a result of their complexation 64

with CyDs [21].  Classes of compounds that have historically exhibited strong binding affinities to 65

cyclodextrins, most particularly with -CyD, are ones possessing the adamantane geometry in their 66

structure [22].  One such compound is adamantane carboxylic acid (Figure 2c), a molecule that 67

possesses one of the highest complex stability constants known for -CyD (K = 3.99 x 104  18 M-1 in 68

H2O) [23,24], and is therefore commonly employed as a disruptor of -CyD interactions with other 69

small and large molecules [25,26].  Close examination of the atomic arrangement in TETS leads to the 70

observation that its caged nature compellingly resembles that of the adamantane structure; this in 71

conjunction to its compact, non-polar landscape prompted us to explore the feasibility of using CyDs as 72

potential sequestering species for this neurotoxin.73
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74

The objective of this work was the investigation of inclusion complex formation between TETS and a 75

panel of CyDs that included native , , and -CyDs as well as the -CyD chemically-modified 76

counterparts heptakis-(2,6-di-O-methyl)--CyD (DiOMe--CyD), heptakis-(2,3,6-tri-O-methyl)--CyD 77

(TriOMe--CyD) and heptakis-(2,3,6-tris-(2-hydroxypropyl))--CyD (2HP--CyD) and assess the 78

binding constants and complex stoichiometry by NMR.  Furthermore, two-dimensional rotating-frame 79

Overhauser effect NMR spectroscopy (ROESY) has been employed to directly demonstrate the 80

proximity between the interior protons in -CyD and 2HP--CyD (i.e. H3 and H5) and the methylene 81

protons in TETS. 82
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2.  Materials and methods83

2.1 Chemicals and Reagents84

TETS was synthesized according to a published procedure [27] and recrystallized from hot acetone to 85

yield the product as pure, translucent cubic crystals in 60% yield.  All cyclodextrins used in this study 86

were purchased from TCI America (Portland, OR) and used as received. The heptakis-(tris-(2,3,6-tri-O-87

methyl))--CyD was synthesized according to a published procedure [28].  Deuterated solvents used 88

(CDCl3 and D2O) for the NMR experiments were purchased from Sigma-Aldrich Co (St. Louis, MO). 89

2.2 NMR spectroscopy90

All NMR spectra were acquired at 30.0 ± 0.1 oC using a Bruker Avance 600 MHz spectrometer (Bruker 91

Biospin, Billerica, MA.) with a broadband inverse probe equipped with z gradients and a Bruker 92

Cryoplatform.  The NMR data were processed with the Bruker TopSpin 3.0 software.  Solutions for 93

analysis were prepared in 99.96% D2O and the chemical shifts used for the Job plot derivatization were 94

referenced to an internal standard of CDCl3 fixed at 7.26 ppm.  For each 1H NMR experiment, 895

transients were collected into 65536 data points using a 1.5 s relaxation delay.  Prior to the Fourier 96

transformation the free induction decays (FIDs) were zero filled to 65536 points and apodized by 97

multiplication with an exponential decay multiplication to 1.0 Hz line broadening.  For the two-98

dimensional ROESY experiments on the 1:5 TETS:-CyD and the 1:5 TETS:2HP--CyD complexes, 99

the spectra were acquired using 2048 data points with 512 increments, 32 scans for each increment and 100

a continuous wave spin lock with a 300 ms mixing time at 30.0 ± 0.1 °C.  Data was collected in a phase 101

sensitive fashion in addition to using a water suppression scheme aided with pulsed field gradients over 102

5410 Hz and 2860 Hz spectral windows for the 2HP--CyD and -CyD, respectively.103
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3.  Results and discussion104

105

Several experimental protocols for the assembly of CyD inclusion complexes along with methods aimed 106

to establish their correct geometry, in both the liquid and solid states, benefit from a vast amount of 107

growing literature [22,29].  The first goal in our project was to assess the formation of inclusion 108

complexes between TETS and the panel of six cyclodextrins.  As previously mentioned, a key 109

assumption in our hypothesis is the observation that the structural motif of TETS is amenable for 110

complexation with a given CyD. Water was chosen as the solvent in our studies for two important 111

reasons: the first one is based primarily on the favorable solubility exhibited by cyclodextrins in this 112

medium.  More importantly, a given community’s water and food supplies would be greatly affected113

following an accidental environmental release of TETS.  Thus, the data obtained from this type of study 114

would be relevant and applicable to real case scenarios. 115

116

3. 1 Complex stoichiometry and binding constants determination117

Our initial focus was to derive a Job plot using the continuous variation method that would correctly 118

describe the stoichiometric nature of the inclusion complex formed (if any) between TETS and the 119

cyclodextrins in our study [30]. Table 1 supplies the observed changes in chemical shift () for the 120

TETS methylene protons as a function of the TETS:CyD molar fraction (r) for all six CyDs described 121

above.  It is noteworthy to mention that during the course of our studies we were limited by the 122

solubility of TETS for the preparation of the stock solutions, thus a 0.7 mM TETS solution was the most 123

concentrate solution we could prepare and even in this instance full dissolution of the material was only 124

achieved after mild heating followed by sonication.  Furthermore, even though the solubility of the 125



8

cyclodextrins used in this study was found to be optimal in D2O, the complete dissolution of -CyD and 126

its methylated analogs, DiOMe--CyD and TriOMe--CyD, to yield a 0.7 mM stock solution demanded 127

gentle heating [31].  128

129

Regarding the contents of Table 1, we begin with the effect that changing the TETS:CyD molar fraction 130

(r) has on the chemical shift of TETS when -CyD is used.  It is evident that there is little to no 131

deviation observed for the original TETS chemical shift of 5.5814 ppm throughout the experiment as the 132

TETS:-CyD molar fraction (r) is systematically varied.  Indeed, the measured  values for r = 0.2, 133

0.4 and 0.6 were 0.0001 ppm, a practically negligible chemical shift change when considering the 134

magnitude of TETS’ signal linewidth (0.0003 ppm).  This observation was interpreted as the absence of 135

an inclusion complex between TETS and -CyD at 30 oC suggesting that the cavity exhibited by -CyD 136

may be too small (5.7 Å diameter at the wide rim) to accommodate the TETS molecule [32] in an 137

energetically favorable manner.  Column 6 of Table 1 shows the change in chemical shift () for TETS 138

protons while varying the TETS:-CyD molar fraction (r).  The data reveal a noticeable difference from 139

that obtained with -CyD, as there is an initial, large downfield shift of the TETS signal from 5.5814 140

ppm to 5.6066 ppm ( = 0.0252 ppm), and as the TETS:-CyD molar fraction varies from r = 0.2 to r141

= 0.8 the signal shifts upfield to the final value of 5.5890 ppm corresponding to r = 0.8.  This large 142

chemical shift change experienced by TETS in the presence of -CyD suggests some type of interaction 143

(i.e. inclusion complex formation) between these two species.  We postulate that as the outer rim in -144

CyD (7.8 Å in diameter) is larger than that of -CyD, it now offers a wide enough entrance to -CyD’s 145

interior for TETS, thus resulting in favorable interactions within the cavity (van der Waals) to form a 146

relatively long-lived inclusion complex observable by NMR. Next in Table 1 is the data involving the 147
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chemical shift change in the TETS’ protons while varying the TETS:-CyD molar fraction (r) (Column 148

8).  The data reveal a subtle yet observable difference from those obtained with -CyD.  There is an 149

initial downfield chemical shift from 5.5814 to 5.5834 ppm (= 0.0020, for r = 0.2).  Subsequent 150

upfield shifts in small increments by the signal are observed leading to a final chemical shift value of 151

5.5821 ppm for r = 0.8.  Thus, the data obtained from these set of experiments may be interpreted as 152

depicting the formation of a weak inclusion complex between TETS and -CyD. The weaker nature of 153

the association between TETS and -CyD may be attributed to the larger cavity size and outer rim 154

diameter (9.5 Å) of this host.  Even though in theory the large cavity of -CyD should allow for the 155

entrance of the TETS molecule, such event does not benefit from further stabilizing hydrophobic 156

interactions in the interior of the CyD to properly support an inclusion complex [33].157

158

We now turn to the first chemically-modified CyD, TETS:2HP--CyD, and consider columns 9 and 10 159

in Table 1.  These data reveal that the chemical shift modification due to the presence of the CyD is on 160

the order of that observed for native -CyD.  As it can be observed in Table 1, there is an initial, large 161

downfield shift of the TETS signal from 5.5814 ppm to 5.5987 ppm ( = 0.0172 ppm), and as the 162

TETS:2HP--CyD molar fraction values vary from r = 0.2 to r = 0.8 the signal begins shift upfield to 163

the final value of 5.5851 ppm corresponding to r = 0.8.  The large chemical shift change in TETS once 164

again could be interpreted as partial evidence for the formation of an inclusion complex.  The actual 165

diameter of the wide rim in 2HP--CyD is difficult to accurately evaluate as a locked set of hydroxyl 166

groups on it (C2 and C3 hydroxyl groups as in the native -CyD) no longer exists, but three-carbon long 167

sidechains possessing more degrees of freedom and thus more attainable conformations.  Nevertheless, 168

the data indicates that this modified analog of -CyD still possesses the ability to complex TETS.  The 169
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fifth and sixth sets of data shown in Table 1 (Columns 11-14) describe the chemical shift changes of 170

TETS with the two methylated -CyD analogs.  Before discussing the data for the last set of two CyDs 171

used in this study, the rationale behind choosing these as part of our testing panel warrants a separate 172

discussion.  An important part of our initial hypothesis aimed to explain the strong interactions between 173

TETS and native -CyD was that such inclusion complex could not be only benefiting rom the van der 174

Waals forces between TETS and -CyD’s interior.  Therefore, we reasoned that the binding event could 175

be experiencing significant augmentation from hydrogen bonding interactions, possibly between the 176

sulfamide oxygen in TETS and the C2/C3 hydroxyl groups in -CyD’s wide rim.  Therefore, we 177

reasoned that if we were to systematically disrupt these interactions (e.g. via methylation of one or both 178

of the C2 and C3 hydroxyl groups) we should observe a decrease in the complex’s stability constant 179

(vide infra).  To this end, we included the partially methylated -CyD analog, 2,6-DiOMe--CyD, in 180

which one of the hydroxyl groups (C2) in the rim is methylated.  In addition, we felt that it was 181

necessary to include the -CyD analog that is methylated at both C2 and C3 positions, and to achieve 182

this we synthesized 2,3,6-TriOMe--CyD.  In this latter case, all the hydroxyl groups including those in 183

C2 and C3 have been capped with methyl groups.  As expected the initial, downfield shifts for both 184

methylated CyDs (columns 12 and 14) are significantly less than that of their native -CyD and 2HP 185

counterparts.  For the dimethylated CyD (2,6-DiOMe--CyD) the initial value of  (r = 0.2, i.e.,186

largest CyD mole fraction) is 0.0062, an order of magnitude lower than that for native -CyD.  Capping 187

all hydroxyl groups on the large rim with methyl groups lowers this value even further ( = 0.0048 at r188

= 0.2).  Overall, as the TETS:2,6-DiOMe--CyD molar ratio varies from r = 0.2 to r = 0.8, the signal 189

experiences an upfield chemical shift to a final value of 5.5833 ppm at r = 0.8. For the TriOMe--CyD190

complex, we observe a upfield chemical shift ranging from 0.0048 to 0.0018 until the final value of 191

5.5832 ppm for r = 0.8.  As a final comment, although we have previously invoked maximum  values 192
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as corollaries to binding strength, only the direct calculation of the binding constants from titration 193

experiments can be considered a proper quantification of the complex binding affinity.194

195

The data described in Table 1 can be plotted to give the parabolic traces (Job plots) shown in Figure 3.  196

These traces yield the stoichiometric nature of the inclusion whether these are strongly or weakly 197

favored.  In all cases, the Job plots are characterized by possessing a maxima centered at r ~ 0.5, 198

strongly suggesting that the inclusion complexes between TETS and the six CyDs used in this study 199

favor a 1:1 stoichiometry. 200

201

3.2 Determination of binding constants by NMR titration202

Armed with these initial insights, we pursued the determination of the binding constant K between 203

TETS and the CyDs studied herein by making use of a well established NMR titration protocol.  This 204

approach has found tremendous success in the determination of binding constants for inclusion 205

complexes between a variety of organic compounds and CyDs [34-37]. NMR titration experiments 206

were not conducted for the TETS:-CyD case since no observable changes in the TETS’ protons 207

chemical shift upon incubation with the CyD was identifiable.  Therefore, we focused our efforts on 208

determining the binding constants for the other remaining five CyDs.  Solutions were made at a 0.24 mg 209

mL-1 concentration of TETS in D2O, gradually titrated with a 50.0 mg mL-1 solution of the given CyD, 210

and the NMR spectra immediately taken after each addition. Titration experiments were performed in 211

duplicates and yielded the curves shown in Figure  4.  Non-linear regression analysis of the data points 212

derived from the curves yielded a K = 537  26 M-1 for the TETS:-CyD inclusion complex and a K = 213

514  49 M-1  for the TETS:2HP--CyD complex.  The next binding constant in magnitude was the one214
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corresponding to the TETS:2,3,6-TriOMe--CyD complex (K = 123 55 M-1).  Lastly, the lowest 215

binding constants measured corresponded to the TETS:-CyD (K = 90 29 M-1) and the TETS:2,6-216

DiOMe--CyD (K = 89 45 M-1) complexes.  These data are summarized in Table 2, which 217

additionally includes both Log K data and the binding constant for TETS/1-adamantane carboxylic acid 218

for comparison.219

220

3.3 Two-dimensional ROESY experiments221

After determining that -CyD and 2HP--CyD formed the strongest inclusion complexes with TETS we 222

turned to using two-dimensional rotating frame Overhauser effect (2D-ROESY) NMR spectroscopy.  223

The 2D-ROESY experiments were conducted with the goal of obtaining information on the structural 224

features akin to each one of the inclusion complexes and its usefulness lies in the real-time, dynamic 225

measurement of through-space interactions between protons present in the guest molecule (i.e. TETS) 226

and the interior of a host (i.e. -CyD or 2HP--CyD).  In our system of interest, we are interested with 227

the interactions between TETS’s methylene protons and the H3 and H5 protons that decorate the interior 228

of the CyD cavity which are suitably positioned to interact with the guest molecule’s protons (Figure 5).  229

230

The full 2D-ROESY spectrum of the TETS:-CyD system is shown in Figure 6.  A brief examination of 231

the spectrum shows that the methylene protons of TETS show well-defined cross-peaks to the H3 and H5 232

protons in the interior of -CyD, demonstrating that the neurotoxin, when complexed, lies in close 233

proximity to the cavity of the macrocycle.  The observation that a more intense cross-peak is observed 234

for TETS:-CyD-H3 than for TETS:-CyD-H5 strongly suggests that the time-averaged distance in the 235

former case is smaller than in the latter scenario.  Considering the geometry of the CyD molecule (large 236
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and small outer rims) and the moderate ROESY mixing times used for the experiment these results 237

support the notion that whether or not a true inclusion complex is formed, the positioning of the TETS 238

molecule seems to lie in close proximity to the larger, outer rim of the macrocycle.239

240

Shown in Figure 7 is the 2D-ROESY spectrum of the TETS:2HP--CyD system.  In addition to the 241

expected intramolecular cross-peaks, intermolecular cross-peaks are also apparent.  In particular, cross 242

peaks between H3, H3´, H5, and H5´ of 2HP--CyD and the TETS protons can be observed (Fig. 7).  243

Again, these provide direct evidence of an inclusion complex due to interactions between the inner 244

protons of 2HP--CyD and TETS, regardless of the strength of this interaction [38-40].  Both ROESY 245

experiments performed herein can only be used as a demonstration of host-guest spatial proximity (i.e.246

inclusion complex formation).  Although the extraction of quantitative information about time-averaged 247

distances between interacting protons is possible, this is not possible within our experimental setup.  248

Nevertheless, 2D-ROESY remains a powerful tool in NMR spectroscopy for establishing intermolecular 249

interactions within the 1-10 Å range.250

251

4.  Conclusion252

The binding constants (K) for the inclusion complexes formed between TETS and a panel of CyDs were 253

determined using NMR spectroscopy.  All CyDs evaluated in this study were observed to form inclusion 254

complexes of varying degrees of magnitudes with TETS (all favoring 1:1 stoichiometric ratios) with the 255

exception of -CyD, which did not appear to form a complex with the neurotoxin.  TETS was found to 256

bind most strongly to native -CyD (K = 537  26 M-1) and its chemically modified counterpart 2HP--257

CyD (K = 514 49 M-1).  2D-ROESY NMR was found to be instrumental in the direct observation of 258



14

inclusion complexes formation.  The measured binding constants described herein will guide us in the 259

design of technologies based on cyclodextrin platforms targeted for the capture of TETS.  Current 260

efforts at the Forensic Science Center (FSC) include the synthesis of CyD-modified organic/inorganic261

matrices for use in remediation technologies as well as the synthesis of novel chemically modified CyDs 262

that feature enhanced binding affinities for the neurotoxin.263

264

Safety265

Tetramethylenedisulfotetramine is an extremely hazardous chemical (human oral LD50 = 0.1 mg kg-1) 266

and is a persistent environmental contaminant.  Proper personal protective equipment (PPE) should be 267

worn at all times when handling even small amounts of it.  All solid and liquid waste containing TETS268

should be treated as extremely hazardous and extreme caution should be employed in its disposal.269
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FIGURE CAPTIONS275

Figure 1.   Chemical structure of TETS.276

Figure 2. (a) Chemical structures of the three most common CyDs; ( b )  a  three-dimensional 277

representation of -CyD showing the conical frustum nature shared by this family of macrocycles; and 278

(c) the structure of adamantane carboxylic acid, one of the strongest binders known to -CyD.279

Table 1. TETS chemical shift and chemical shift changes ( as a function of TETS:CyD molar ratio 280

(r) for the six CyDs at 30°C.  aThe  given is defined as the difference in the TETS chemical shift in 281

the presence of CyD from that of TETS in D2O alone ( =  – w).  TETS peak linewidth on the order 282

of 0.2 Hz making the uncertainty in the measurement ca. ±0.00017 ppm.283

Figure 3. Continuous variation Job plots derived from the chemical shift change in TETS as a function 284

of TETS:CyD molar fraction (r).  Parabolic fits to the data (forced through the origin) are merely 285

supplied as visual guides.286

Figure 4. a) 1H NMR titration experiments demonstrating the change in chemical shift () in TETS’s 287

methylene protons as a function of increasing CyD concentration at 30°C.  Black lines represent the 288

nonlinear regression-derived fits to these data from which binding constants were extracted.  b) Bar 289

graph representation showing the relative magnitudes of binding constants among the CyDs used in this 290

study.291

Figure 5. Three dimensional diagram showing the glucosyl H3 and H5 protons (left) decorating the 292

interior of all CyDs (-CyD shown).  A diagram of a hypothetical TETS:CyD complex demonstrating 293

the strategic positioning of these interior protons (right) as invaluable key reporting species in 2D-294

ROESY NMR experiments.295
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Figure 6.  2D-ROESY (HOD suppression) NMR spectrum of the 1:1 TETS:CyD inclusion complex at 296

30 oC.  Cross-peaks showing the interactions between TETS and the H3 and H5 protons of -CyD are 297

indicated by the red arrows.298

Figure 7.  2D-ROESY (HOD suppression) NMR spectrum of the 1:1 TETS:2HP-CyD inclusion 299

complex at 30 oC.  Cross-peaks showing the interactions between TETS and the H3, H3´, H5 and H5´ 300

protons lining the interior of 2HP--CyD are indicated by the red arrows.301
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Table 1. TETS chemical shift and chemical shift changes ( as a function of TETS:CyD molar ratio (r) for the six CyDs at 30°C.  aThe  given 

is defined as the difference in the TETS chemical shift in the presence of CyD from that of TETS in D2O alone ( =  – w).  TETS peak 

linewidth on the order of 0.2 Hz making the uncertainty in the measurement ca. ±0.00017 ppm.

D2O


-CyD


-CyD


-CyD 2HP--CyD 2,6-DiOMe--CyD 2,3,6-TriOMe--CyD

TETS:CyD 
(r) w  a          

0.2 5.5814 5.5815 0.0001 5.6066 0.0252 5.5834 0.0020 5.5987 0.0172 5.5876 0.0062 5.5862 0.0048

0.3 5.5814 5.5818 0.0004 5.6037 0.0224 5.5832 0.0018 5.5972 0.0158 5.5867 0.0053 5.5859 0.0045

0.4 5.5814 5.5815 0.0001 5.6013 0.0200 5.5831 0.0017 5.5940 0.0126 5.5862 0.0048 5.5851 0.0037

0.5 5.5814 5.5819 0.0005 5.5985 0.0171 5.5828 0.0014 5.5924 0.0110 5.5854 0.0040 5.5847 0.0033

0.6 5.5814 5.5815 0.0001 5.5951 0.0137 5.5825 0.0011 5.5891 0.0077 5.5849 0.0035 5.5841 0.0027

0.7 5.5814 5.5823 0.0009 5.5924 0.0110 5.5823 0.0009 5.5878 0.0064 5.5842 0.0028 5.5846 0.0032

0.8 5.5814 5.5816 0.0002 5.5890 0.0076 5.5821 0.0007 5.5851 0.0037 5.5833 0.0019 5.5832 0.0018
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Table 2. Binding constants K (M-1) and Log10 K values for all CyD:TETS complexes studied by NMR titration 

experiments.  Shows for comparison is the data for the complex formed between -CyD and 1-adamantane 

carboxylic acid (AdaCOOH) (data from ref. [23]).  Error shown in parentheses.

Host Cyclodextrin K (M-1) Log10 K
-CyD 538 (26) 2.73

-CyD 86 (5) 1.93

2HP--CyD 514 (49) 2.71

2,6-DiOMe--CyD 91 (28) 1.96

2,3,6-TriOMe--CyD 123 (5) 2.09

-CyD:AdaCOOH* 3950 (150) 3.60
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23

Figure 5.
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26

References

[1] TETS is also referred to as Tetramine, while in China it is illegally distributed under names such as 

Dushuqiang (“strong rat poison’), Meishuming (“eliminate rat”) and Shanbudao (“4-2-4”).

[2] K. S. Whitlow, M. Belson, F. Barrueto, Ann. Emerg. Med. 45 (2004) 609-613.

[3] G. S. Ratra, S. G. Kamita, J. E. Casida, Toxicol. Appl. Pharmacol. 172 (2001) 233-240.

[4] N. G. Bowery, D. A. Brown, J. F. Collins, Br. J. Pharmacol. 53 (1975) 422-424.

[5] Dray, A.  Neuropharmacology 14 (1975) 703-705.

[6] Treatment for TETS poisoning is mainly supportive and may include gastric lavage using activated 

charcoal, see: Poon, W. T.; Chan, K.; Lo, M. H.; Yip, K. K.; Lee, T.; Chan, A. Y. W. Hong Kong J. 

Med. 11 (2005) 507-509.

[7] Guan, F. Y.; Liu, Y. T.; Luo, Y.; Hu, X. Y.; Liu, F.; Kang, Z. W. J. Anal. Toxicol. 17 (1993) 199-201.

[8] Wu, Y.-Q.; Sun, C.-Y. Toxicology 198 (2004) 279-284.

[9] Chau, C. M.; Leung, A. K. H.; Tan, I. K. S. Hong Kong J. Med. 11 (2005) 511-514.

[10] Barrueto, F.; Nelson, L. S.; Hoffman, R. S.; Heller, M. B.; Furdyna, P. M.; Hoffman, R. J.; Whitlow, K. 

S.; Belson, M. G.; Henderson, A. K.  MMWR 52 (2003) 199-201.

[11] TETS’s solubility is listed as 0.25 mg/mL in H2O, thus making the material practically insoluble in 

water unless methods to aid in its solubilization are employed such as higher temperature mixing and 

extended sonication times: Budavari S. ed. (1996) The Merck Index, An encyclopedia of chemicals, 

drugs, and biologicals, 12th ed. Whitehouse, NJ, Merck and Co., Inc.



27

[12] TETS’s inherent chemical inertness and thus persistence in the environment has been confirmed by 

independent reports demonstrating that the poison remains equally toxic in water samples 6 weeks after 

being prepared: Croddy, E.  Arch. Toxicol. 78 (2004) 1-6.

[13] Owens, J.; Hok, S.; Alcaraz, A.; Koester, K.  J. Agric. Food Chem. 57 (2009) 4058-4067.

[14] De Jager, L. S.; Perfetti, G. A.; Diachenko, G. W.  Anal. Chim. Acta 635 (2009) 162-166.

[15] De Jager, L. S.; Perfetti, G. A.; Diachenko, G. W.  J. Chromatogr. A 1192 (2008) 36-40.

[16] Zeng, D.; Chen, B.; Yao, S.; Ying, J.  Forensic Sci. Intl.  159 (2006) 168-174.

[17] Szejtli, J. Chem. Rev. 98 (1998) 1743-1753.

[18] Schneider, H.-J.; Hacket, F.; Rüdiger, V. Chem. Rev. 98 (1998) 1755-1785.

[19] Saenger, W.  Angew. Chem. Int. Ed. Engl. 19 (1980) 344-362.

[20] Li, S.; Purdy, W. C.  Chem. Rev. 92 (1992) 1457-1470.

[21] Davis, M. E.; Brewster, M. E.  Nat. Rev. Drug. Discov.  3 (2004) 1023-1035.

[22] Rekharsky, M. V.; Inoue, Y.  Chem. Rev. 98 (1998) 1875-1917.

[23] Zhang, B.; Breslow, R.  J. Am. Chem. Soc. 119 (1997) 1676-1681.

[24] Cromwell, W. C.; Byström, K.; Eftink, M. R.  J. Phys. Chem. 89 (1985) 326-332.

[25] Nguyen, T.; Joshi, N. S.; Francis, M. B.  Bioconjugate Chem. 17 (2006) 869-872.

[26] Zawko, S. A.; Truong, Q.; Schmidt, C. E.  J. Biomed. Mater. Res. A 87 (2008) 1044-1052.

[27] Esser, T.; Karu, A. E.; Toia, R. F.; Casida, J. E.  Chem. Res. Toxicol. 4 (1991) 162-167.



28

[28] Adden, R.; Bösch, A.; Mischnick, P. Macromol. Chem. Phys. 205 (2004) 2072-2079.

[29] Singh, R.; Bharti, N.; Madan, J.; Hiremath, S. N.  J. Pharm. Sci. Tech. 2 (2010) 171-183.

[30] Bernini, A.; Spiga, O.; Ciutti, A.; Scarselli, M.; Bottoni, G.; Mascagni, P.; Niccolai, N.  Eur. J. Pharm. 

Sci. 22 (2004) 445-450.

[31] Even though the CyDs used in this study differ by one glucosyl unit in going from - to - to -CyD, 

their solubilities in water vastly differ with -CyD (0.15 M) and -CyD (0.18 M) exhibiting better 

solubility in the medium than -CyD (0.017M), see: French, D.; Levine, M. L.; Pazur, J. H.; Norberg, E.  

J. Am. Chem. Soc. 71 (1949) 353-356.

[32] A rough estimate of TETS’s dimensions yielded an approximate distance between the farthest separated 

methylene protons to ~ 3.9 Å, while an estimated distance of 6.0 Å was measured from one oxygen on 

the sulfamide moiety to the corresponding oxygen in the opposite sulfamide moiety in the molecule.

[33] A similar finding has been reported with organophosphorus-based pesticides in various cyclodextrin 

models: Molaabasi, F.; Talebpour, Z.  J. Agric. Food Chem. 59 (2011) 803-808.

[34] Ishizu, T.; Kintsu, K.; Yamamoto, H.  J. Phys. Chem. B 103 (1999) 8992-8997.

[35] Dupuy, N.; Barbry, D.; Bria, M.; Marquis, S.; Vrielynck, L.; Kister, J.  Spectrochim. Acta A 61 (2005) 

1051-1057.

[36] Polyakov, N. E.; Leshina, T. V.; Hand, E. O.; Petrenko, A.; Kispert, L. D.  J. Photoch. Photobio. Chem. 

161 (2004) 261-267.

[37] Andrade-Días, C.; Goodfellow, B. J.; Cunha-Silva, L.; Teixeira-Días, J. J. C.  J. Incl. Phenom. 

Macrocycl. Chem. 57 (2007) 151-156.



29

[38] van Axel Castelli, V.; Trivieri, G.; Zucchelli, I.; Brambilla, L.; Barbuzzi, T.; Castiglioni, C.; Paci, M.; 

Zerbi, G.; Zanol, M.  J. Pharma. Sci. 97 (2008) 3897-3906.

[39] Meier, M. M.; Bordignon Luiz, M. T.; Farmer, P. J.; Szpoganicz, B.  J. Incl. Phenom. Macrocycl. Chem. 

40 (2001) 291-295.

[40] Tongiani, S.; Velde, D. V.; Ozeki, T.; Stella, V. J.  J. Pharma. Sci.  94 (2005) 2380-2392.


